An elastinolytic proteinase of Apergilus flavus has been isolated to homogeneity, and its physical and biochemical properties have been characterized. Two purification protocols were compared; an initial step of ion-exchange chromatography was found to be equivalent to ammonium sulfate precipitation at neutral pH. A combination of gel filtration and adsorption chromatographies on the resultant crude enzyme produced highly purified elastase with yields of 5 to 10%. The enzyme is a 23-kilodalton protein with a pl of 7.6. The enzyme activity is markedly inhibited by numerous metal ions. AspergiUus elastase appears to be a metalioproteinase EC 3.4.24.X), as determined by its sensitivity to 1,10-phenanthroline.
An elastinolytic proteinase of Apergilus flavus has been isolated to homogeneity, and its physical and biochemical properties have been characterized. Two purification protocols were compared; an initial step of ion-exchange chromatography was found to be equivalent to ammonium sulfate precipitation at neutral pH. A combination of gel filtration and adsorption chromatographies on the resultant crude enzyme produced highly purified elastase with yields of 5 to 10%. The enzyme is a 23-kilodalton protein with a pl of 7.6 . The enzyme activity is markedly inhibited by numerous metal ions. AspergiUus elastase appears to be a metalioproteinase EC 3.4.24.X), as determined by its sensitivity to 1,10-phenanthroline.
Members of the genus Aspergillus make many different proteolytic enzymes which encompass all four classes of proteinases (5) . Much of the work in this area has focused on proteinase production by those species important in the fermentation of food products, such as the koji mold, Aspergillus oryzae (9, 12, 30) . However, proteinases from the pathogenic species Aspergillus flavus and Aspergillus fumigatus have also been described (5, 33) . In addition, a number of potentially virulence-related proteinases, such as elastases and collagenases, have been documented in both pathogenic and nonpathogenic fungi (2, 7, 16, 21, 22, 24) .
There is an impressive body of data linking the production of proteinases, including elastase, in bacteria with their virulence (8, 17, 26) . For the fungi, there are solid data linking virulence with production of the acid proteinase in Candida albicans (13) , and there is presumptive evidence of a role for proteinases in the pathogenesis of infection with Sporothrix schenckii and Trichophyton rubrum (1) (2) (3) 32) . This information has led to the examination of the role proteinase production may play in the pathogenesis of aspergillosis. In A. fumigatus, both general proteinase and elastase activities have been correlated with virulence for mice (10, 20) . We examined elastase production by clinical isolates of Aspergillus spp. and found that all isolates involved in invasive disease displayed elastinolytic activity in vitro (23) . Therefore, we sought to isolate and characterize the elastinolytic proteinase of the emerging pathogen A.
flavus (34) so that we might better understand the role of the enzyme in pathogenesis. In this paper, we report a unique Aspergillus elastase (AE) with catalytic properties which fall within the class of metalloproteinases. Enzyme production. Cultures for the production of AE were grown as described by Kothary et al. (10) . Briefly, A. flavus conidia were harvested from malt extract slants with 0.1% Tween 80 (Sigma Chemical Co., St. Louis, Mo.), counted with a hemacytometer, and plated to assess viability. Flasks of yeast carbon base (Difco) prepared in borate buffer and containing elastin particles (E 1625, Sigma) were inoculated to a starting concentration of 1 x 105 to 2 x 105 conidia per ml. Flasks were incubated for 72 h at 37°C with 100 oscillations per min. The culture medium was collected after being sequentially filtered through four to eight layers of cheesecloth and glass fiber filters (G6, Fisher Scientific Co., Cincinnati, Ohio). After the broth was acidified to pH 4.5 with citric acid, 8 g (dry weight per liter of broth) of carboxymethyl cellulose (CMCell), equilibrated to pH of 4.5 in 5 mM citric acid, was added and stirred slowly for 1 h at room temperature (33) . The CMCell was collected by vacuum filtration, washed with citric acid, and added to 150 mM sodium acetate (pH 7.0; 100 mllliter of broth). The mixture was stirred for 30 min, and the eluate was collected by vacuum ifitration as described above. The eluate was dialyzed overnight against successive changes of 4 liters of distilled water and 2 mM ammonium bicarbonate and lyophilized.
In later experiments, the growth medium was supplemented with 0.05% bovine serum albumin (Sigma) to increase the yield of AE. In addition, we compared an isolation protocol which substituted a neutral precipitation with 55% ammonium sulfate for the CMCell ion-exchange step.
Column chromatography. A 2.5-by 20-cm column of beaded polyacrylamide (BioGel P-100, Bio-Rad Laboratories, Richmond, Calif.) was prepared in 100 mM sodium phosphate buffer, pH 7.0, containing 50 mM NaCl. Samples (approximately 75 mg) of dried eluate were dissolved in 1 ml of column buffer, applied to the column, and eluted at a flow rate of 10 ml/h. The 2-ml fractions were assayed for protein by monitoring the A280 and for activity by testing on elastin diffusion agar (10) . In some experiments, the protein content of fractions was measured with the Lowry assay, and elastase and proteinase were measured by the modified Shotton assay and the Azocoll assay, respectively, as described below. The electrophoretic homogeneity of fractions was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (see below). Active fractions were pooled, dialyzed against distilled water, and lyophilized. Samples were resuspended in distilled water and run over a 1-by 10-cm Bio-Rad P-6DG desalting gel column prior to analysis by adsorption chromatography.
Hydroxyapatite particles in agarose beads (Ultrogel HA, LKB, Bromma, Sweden) were equilibrated in 0.5 mM phosphate buffer and poured into a 1.6-by 30-cm column. The desalted sample was applied and washed into the column with 20 ml of starting buffer. The elution of AE was performed with a 200-ml linear 0.5 to 50 mM sodium phosphate gradient. Fractions of 4.5 ml were collected and assayed as described for gel filtration chromatography.
SDS-PAGE. Samples for electrophoretic analysis were first boiled for 5 min in 100 mM sodium lauryl sulfate-200 mM urea-230 mM 2-mercaptoethanol. Gels (12%) were run according to the method of Laemmli (14) . For two-dimensional gels, samples were subjected to isoelectric focusing as described elsewhere (4) . Gels were stained with Coomassie brilliant blue or by a modification of the silver stain (31) . Apparent molecular mass was calculated on the basis of Mr (27) by using the following standards: albumin, bovine, 66 kilodaltons (kDa); albumin, egg, 45 kDa; glyceraldehyde-3-phosphate dehydrogense, 36 kDa; carbonic anhydrase, 29 kDa; trypsinogen, 24 kDa; trypsin inhibitor, 20.1 kDa; and a-lactalbumin, 14.2 kDa (Sigma). The pI was calculated from a standard curve constructed by using the Mr of an isoelectric focusing standards mixture (I 0630, Sigma).
AE assay. AE was assayed at first as described by Shotton (28) with porcine pancreatic elastase (Sigma) as the control. The results were reported as specific activity, i.e., milligrams of elastin Congo red (Sigma) hydrolyzed per milligram of purified AE added. Modifications were made as described below to optimize the assay for the A. flavus enzyme. The temperature optimum was determined by running the assay at various temperatures and expressing the specific activity at each temperature as a percentage of the value obtained at 37°C. In this way, the results from three different batches could be pooled. The sensitivity of AE to temperature extremes was determined by incubating the enzyme at 60, 80, and 100°C for 30 min prior to assaying under optimal conditions. The results were expressed as a percentage of the activity obtained from a parallel sample incubated on ice for 30 min. The optimal temperature was calculated by using the curve-fitting capabilities of Sigma-Plot (Jandel Scientific, Corte Madera, Calif.). The pH optimum was determined by assaying AE, dissolved in distilled water, against elastin Congo red particles suspended in the following buffers: for pHs 4 and 5, 20 mM sodium acetate buffer; for pHs 6, 7, and 7.5, 20 mM sodium phosphate buffer; for pHs 7.5, 8, 8.5, and 9, 20 mM sodium borate buffer; and for pHs 9, 9.5, and 10, sodium carbonate-bicarbonate buffer. To determine whether the stimulation seen with borate was due to the borate, as has been reported for porcine pancreatic elastase (28), or to the pH, pHs 7.5, 8.0, and 8.5 were retested in one experiment with 20 mM Tris buffer. To assess the effect of extremes of pH on AE activity, the enzyme was dissolved in boric acid, pH 2.0, and in sodium borate, pH 11.0; these tubes, as well as control tubes containing AE in borate buffer, pH 8.0, were held on ice for 30 min. The pHs of the experimental tubes were adjusted to 8.0 with the alternate salt or acid, and the activity was assayed. The results are expressed as the percentage of inhibition compared to the pH 8.0 control. In experiments in which the effects of various ions on enzyme activity were tested, the ion solutions were added to the substrate in borate buffer and then the AE was added. These assays were run with the opti- The following proteinase inhibitors were tested for activity against purified AE with the optimized protocol: chymostatin, 1,10-phenanthroline, 5-nitro-1,10-phenanthroline, elastatinal, leupeptin, pepstatin, phosphoramidon, 8-hydroxyquinoline, aC2-macroglobulin, iodoacetamide, p-chloromercuribenzenesulfonic acid (PCMBS), and tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK) (all from Sigma); EDTA and E-64 (Beohringer Mannheim Biochemicals, Indianapolis, Ind.), and phenylmethylsulfonyl fluoride and diisopropylfluorophosphate (CalbiochemBehring). In addition, three reducing agents were used: dithiothreitol and 2-mercaptoethanol (Sigma) and L-cysteine hydrochloride (Fisher). Concentrations for the different inhibitors were based on recommendations of the manufacturer or in reference 12. AE was mixed with the inhibitor and incubated for 30 min prior to addition of the substrate. Appropriate solvent controls were run in parallel when required.
Protein assay. The protein concentrations were measured as described by Lowry et al. (15) with bovine serum albumin, fraction V (Sigma), as the standard.
RESULTS
Crude AE. A. flavus AS4 produced the greatest amount of AE after 72 h of incubation in a chemically defined medium containing elastin particles and 0.05% bovine serum albumin as the nitrogen sources. AE was adsorbed onto CMCell at pH 4.5 from the supernatant and eluted with 150 mM sodium acetate at pH 7.0. The dialyzed, lyophilized eluate, which ran as a smear with several prominent bands on SDS-PAGE (see Fig. 2 , lane 1) and displayed elastase and proteinase activity, was then further purified. Substituting ammonium sulfate precipitation at neutral pH for the ion-exchange step did not improve the yield of AE or change the character of the product (Tables 1 and 2 and data not shown).
Gel filtration chromatography. The CMCell eluate was applied to a gel filtration column of Bio-Rad P-100. Protein eluted from the column was a broad peak (Fig. 1) . However, when fractions were tested for activity, there was substantial separation between the peaks of general proteinase activity and the AE activity; no elastase activity was detected in the proteinase peak, and no proteinase activity was detected in the elastase peak. SDS-PAGE of selected fractions showed that the AE activity coeluted with a diffuse band of approximately 23 kDa (Fig. 2) . The AE-positive fractions were pooled, dialyzed, and lyophilized.
Adsorption chromatography. The partially purified AE from gel filtration was analyzed by chromatography on hydroxyapatite. The AE activity eluted as a narrow peak at approximately 16 mM phosphate (Fig. 3) , as calculated from the conductivity of the fractions. Initial analysis by SDS-PAGE indicated that the peak material gave a single band (data not shown). Therefore, two-dimensional gel electrophoresis was used to assess homogeneity; silver staining of the gel revealed a single protein spot with a pl of 7.6 and a molecular mass of 23 kDa (Fig. 4) . The purification protocol produced a highly purified product, but at a low yield (Table  1) , always less than 10% of the initial AE activity. pH optimum. The purified AE was then assayed for the pH at which activity was greatest. The optimal pH for elastase activity was 8.0 (Fig. 5A) . At pH 7.5, the use of borate buffer resulted in a threefold increase in specific activity when compared with activity with equimolar phosphate buffer. Initially, this was attributed to the stimulation by borate on elastase activity reported for porcine pancreatic elastase (28) , but subsequent testing with equimolar Tris buffer of pHs 7.5 to 8.5 yielded specific activities equivalent to those obtained with borate buffer (data not shown). Exposure of AE to the pH extremes of 2.0 and 11.0 resulted in the abolition of 97 and 100% of the enzyme activity, respectively.
Temperature optimum. The enzyme was next tested to determine its temperature optimum. AE activity was very thermotolerant; the optimal activity was obtained at 50°C (Fig. 5B) . Indeed, residual AE activities of 96, 15, and 10% The eluate was applied to a Bio-Rad P-100 column, and the resultant fractions were assayed for protein by measuring the A280, for elastase activity by the elastin Congo red (ECR) assay, and for general proteinase activity by the Azocoll assay.
were obtained after a 30-min exposure of the enzyme to temperatures of 60, 80, and 100°C, respectively. Because of some temperature variability among batches and our desire not to use a temperature beyond the inflection point, 45°C was chosen as the temperature for the optimized assay.
Effects of proteinase inhibitors on AE. There was significant inhibition of AE activity only by 1,10-phenanthroline, an inhibitor of metalloproteinases, which inhibited AE in a dose-dependent manner (Table 2) . Phosphoramidon, 8-hydroxyquinoline, 5-nitrophenanthroline, and EDTA, other inhibitors of metalloproteinases, had little to no effect on AE. The general proteinase inhibitor ct2-macroglobulin showed only modest inhibition of AE activity. The pattern of response to the proteinase inhibitors was the same whether the AE was produced by using the CMCell or the ammonium sulfate precipitation protocol.
Effects of metal ions on AE activity. Most of the compounds tested significantly inhibited AE activity (Table 3) . Calcium and magnesium did not reverse the inhibition of AE by EDTA. Likewise, bovine serum albumin in a physiological concentration did not spare the activity of AE from the inhibition effected by calcium and magnesium. There was no stimulation noted for any of the metals tested. 3 . Hydroxyapatite chromatography of the AE peak from gel filtration. The desalted material was applied, and unadsorbed material was washed out with 0.5 mM phosphate. AE was eluted from the column with a linear phosphate gradient; peak activity eluted at ca. 16 mM. ECR, Elastin Congo red.
DISCUSSION
An elastase of A. flavus has been isolated to apparent homogeneity, and its physical and biochemical properties have been characterized. The protein had a molecular mass of 23 kDa and an isoelectric point of 7.6. In polyacrylamide gels, AE often appeared as a diffuse band with a leading fringe of faster-moving material (Fig. 2) that occasionally resolved into a doublet. This is not due to differences in glycosylation, as AE is not glycosylated (J. C. Rhodes and T. W. Amlung, unpublished data). Therefore, the microheterogeneity that the SDS-PAGE profile suggests may be due to limited proteolysis of AE, to an artifact of overloading, or to some other unexplained factor. A similar electrophoretic profile (a doublet) was obtained from the neutral metalloproteinase of Legionella pneumophila and was felt to represent limited proteolysis, even though those results could not be reproduced in vitro (6) . The protocols which we have devised for the production of AE resulted in a highly purified end product at a modest but workable yield. Our discovery, in the course of other work, that the inclusion of a low concentration of bovine serum albumin to the medium 3 1 markedly increases the yield has greatly aided in the production of purified AE for analysis. The major difference in the two protocols is that using the ion-exchange step allowed us to isolate the general proteinase activity at the same time (Fig. 1) . The biochemical characterization of AE proved to be quite (6, 11, 17) . The inhibition mediated by HgCl2 at first led us to believe that AE was a cysteine proteinase. However, the failure of iodoacetamide and E-64 to inhibit AE, the inability of cysteine to protect AE from HgCl2, the inability of reducing agents to stimulate AE activity (data not shown), and the finding of the more general inhibition of AE by other metals convinced us that AE was not a cysteine proteinase. Some of the metal ions tested caused significant inhibition of AE activity at concentrations which would be in the physiologic range in a mammalian host. Attempts to protect the AE activity by adding physiologic levels of bovine serum albumin to inhibitory concentrations of calcium and magnesium were not successful. Although this in vitro data might argue against a role for AE in pathogenesis, we have evidence that its production is required for the full expression of virulence in a murine model of invasive aspergillosis (J. Rhodes we have not yet identified in vitro could provide protection in vivo, or there could be some type of compartmentalization of AE-substrate complexes. The case for a relationship between AE and virulence appears to be the converse of that for proteinase production in other fungi (1-3, 25, 32) ; that is, in the cases of T. rubrum, Candida parapsilosis and S. schenckii, for example, there is evidence of enzyme production and in vitro activity which lacks an in vivo correlate of causality (29) .
We have isolated and characterized the elastinolytic proteinase of A. flavus; the enzyme displays some unexpected biochemical properties. In our efforts to understand the role that AE and other proteinolytic enzymes play in the pathogenesis of invasive aspergillosis, we are continuing to study AE. Efforts are under way to obtain protein sequence data, to characterize the metal ion involved in catalysis, and to produce monoclonal antibodies to AE for use in probing the in vivo role of the enzyme.
